The satellite-derived aerosol optical depth (AOD) data is used to investigate the distribution of aerosol over the South China Sea (SCS). High correlation coefficients are found between in situ AERONET data and satellite AOD measurements around the SCS with the highest coefficient of 0.9 on the Dongsha Island (i.e., Pratas Island). The empirical orthogonal function (EOF) analysis of AOD over the SCS shows that high AOD is always found around offshore areas of China, Indochina, Sumatra, and Borneo. Besides, spring is the major season of occurring coarse aerosol particles (AOT C) but fine aerosol particles (AOT F) occur yearly.
Introduction
The South China Sea (SCS) is not only the largest marginal sea of the Pacific in Southeast Asia but also abundant with marine resources. It covers an ocean area from the equator to 22 ∘ N and from 100 ∘ E to 121 ∘ E with a bathymetry deeper than 3000 m in the center and the north. It is also a major sea route connecting the Pacific Ocean to the Indian Ocean ( Figure 1 ). The SCS, located within the East Asian monsoon region [1] [2] [3] [4] , confronts the prevailing northeaster carrying dust mixed with anthropogenic aerosols during the winter monsoon season from November to April. In the summer monsoon season from June to September, the smoke particles associated with biomass burning in Borneo and Sumatra are transported to the southern SCS [5] .
Over the SCS, most of the aerosols come from Mainland China, Indochina Peninsula, and Luzon Island. Besides, the other origin of aerosols is the biomass burning from Sumatra and Borneo in Indonesia from August to October [6] . A vast amount of aerosol, attributed to varied emissions (e.g., dust, anthropogenic, and biomass burning) from the Asian continent, has widely impacted on the ecosystem [7] . On March 19-21, 2010, a significant Asian dust storm affected large areas from the Gobi deserts to the West Pacific Ocean and southern China [8] . The airborne dust over the Central Asia can be identified by analyzing the satellite data due to the features of coarse and fine particles [9] . Wang et al. [10] measured the Asian dust and found that it can be further transported and sunk to the northern SCS during the springtime. Reid et al. [11] found that large aerosol events that happened in SCS are almost always associated with biomass burning. Indochina fire smoke is transported out over the Pacific Ocean and beyond during the winter monsoon period. The biomassburning aerosols were transported over the northern and eastern Southeast Asia [12] . Atwood et al. [13] showed that the El Niño event enhanced tropical burning. The seasonal winds at 850 hpa transport the burning smoke from source regions (Maritime Continent) to the southwest of Singapore during the summer monsoon. Wang et al. [14] showed that the dry conditions associated with the El Niño event cause the largest regional biomass burning outbreak. The smoke was widely spread over the 5 ∘ S-5 ∘ N zone during the seasonal monsoonal transition period.
From previous studies above-mentioned, the aerosol variations over the SCS may be affected by monsoon and large scale atmospheric circulation. Therefore, to more understand the changes of spatial distribution and time series of aerosol over the SCS, the satellite base aerosol optical depth (AOD) data are analyzed thoroughly. 
Data and Methodology
The AOD and fine mode fragment (FMF) at 500 nm, proved by the National Aeronautics and Space Administration (NASA) Terra Moderate Resolution Imaging Spectroradiometer (MODIS) Level 3 satellite data from January 2001 to December 2012, are used in this study. The MODIS AOT data are masked when there are clouds. Therefore, no AOT value can be used during overcast days. Those data are then monthly averaged and the spatial resolution is 1 ∘ latitude by 1 ∘ longitude. The study area is located from the equator to 25 ∘ N and from 100 ∘ E to 125 ∘ E ( Figure 1 ). Besides, the monthly in situ data from Aeronet observation stations around the SCS is also used in this study. To examine the relationship between MODIS AOD data and in situ Aeronet measurements, the correlation coefficient ( ) and root mean square error (RMSE) at each station are computed and presented in Table 1 . Except Singapore and Bac Lieu of Vietnam stations, the stations have a higher correlation coefficient (larger than 0.7). The values of RMSE between MODIS AOD and Aeronet AOD at each station are smaller than the mean of those of Aeronet AOD implying that it can be used for the study of analyzing temporal and spatial variations of aerosol over the SCS. The AOD data are further divided into coarse mode aerosol (AOT C) and fine mode aerosol (AOT F) by FMF data as
In order to analyze the spatial and temporal variations of aerosol, the empirical orthogonal function (EOF) and the fast Fourier transform (FFT) analyses are used. The error of EOF analysis, , is estimated by the method of North et al. [15] 
where is the eigenvalues of covariance matrix at the th mode and is the degree of freedom.
It is known that the activities of El Niño and La Niña may affect the atmospheric and oceanic environments; their effects are taken into account in this study. The Oceanic Niño Index (ONI) constructed with the SST anomalies in the Niño 3.4 region (5 ∘ N-5 ∘ S, 120 ∘ W-170 ∘ W) is used as the indicator in judging whether El Niño or La Niña phenomena are present. If the ONI value is larger than 0.5, it is categorized as an onset of El Niño. If the value is smaller than −0.5, it is classified as the time of La Niña events. It is deemed to be normal year if the value is between −0.5 and 0.5.
Results and Discussion

Coarse Mode Aerosol Variation.
The EOF analysis of AOT C data has been performed. The contributions of eigenvalues and typical errors of first five modes are illustrated in Table 2 . The errors of the EOF mode 4 and mode 5 overlap each other. Therefore, only the first three EOF modes with the cumulative variance over than 84% are discussed as follows.
The EOF mode 1 (EOF1) of the AOT C is shown in Figure 2 . Both the spatial distribution and the temporal amplitude are negative, which cause the result of positive sum. The higher negative value represents the higher AOT C. March 2010, the higher value of AOT C was also obtained at Hong Kong AERONET station. Correspondingly, according to the studies of Tsay et al. [7] and Wang et al. [10] , the Asia dust storms usually rage in spring, and the dust would be transported far to the SCS. This means that EOF1 displays the random effect of whether accidental wildfires, sandstorm, or agricultural land development.
The result of EOF mode 2 (EOF2) of the AOT C is shown in Figure 3 . The spatial distribution in the Indochina Peninsula appears to have a positive value, but it is negative in southern China (Figure 3(a) ). Meanwhile, the amplitude is positive from May to October with a maximum in September, while the negative amplitude appears from November to next April with a peak in January (Figure 3(b) ). In other words, the AOT C value in the Indochina Peninsula is higher than the average from May to October. Similarly, in southern China, the AOT C value keeps higher during November and next April, and the maximum negative value appears in March.
The spatial distribution of EOF mode 3 (EOF3) displays that the positive value expands from the northwestern Indochina to its southeastern regions and the negative value is located in southern China (Figure 4(a) ). The time series of EOF3 shows the positive value of amplitude from March to July, but the negative one from October to next February (Figure 4(b) ). The spectrum analysis shows that the variation is yearly, but there is less energy than mode 1 and mode 2. As the result of mode 3, in the Indochina Peninsula, the AOT C keeps higher during March and July. Figures 3(c) and 4(c) show the annual cycle regularly. Meanwhile, the coarse aerosol might erupt with the monsoon.
Consequently, there is a coincidence between the occurrence of high-value AOT C and the high-value AOD observed at Aeronet observatories. The result indicates that the coarse aerosol particles mainly come from China and the Indochina Peninsula and occur annually. It corresponds to the previous studies [7, 8, 10] .
Fine Mode Aerosol Variation.
Through the EOF analysis, the first five modes of AOT F data are dealt with through the typical error analysis and are shown in Table 3 , which contains the contribution of eigenvalues and typical errors of each EOF mode of AOT F. The fifth mode and the sixth one overlap each other in typical error range, and the fourth mode only accounts for the variance amount of 2.19% where only the first three modes are discussed. EOF1 of AOT F shows that the largest variation area is in southern China, followed by Sumatra and Borneo in Indonesia ( Figure 5(a) ). The temporal amplitudes show two larger time phases from March to April and from August to October (Figure 5(b) ). Meanwhile, the high-value fine aerosol particles were observed both at Aeronet observatories of Hong Kong and Bac Lieu. The two peaks appear every year probably due to the time different biomass burnings of these two regions. Figure 6 (a) shows the spatial distribution of EOF2 of AOT F. The positive variation is in the Indochina Peninsula, while it is negative in Borneo. From the time series of amplitude ( Figure 6(b) ), the positive amplitude appears from November to next May, but the negative value is found during June and September. Therefore, the higher value of AOT F is found in the Indochina Peninsula during March and April, and it also appears in Borneo and Sumatra during August and October. Two larger temporal amplitudes showed in October 2006 and September 2009. During these two months, the high value of fine aerosol particles was also found at the observatories of Hong Kong, Thailand, Dongsha, and Singapore. The spectrum analysis shows that the variation is an annual cycle which indicates that the fine aerosol particles are occurring in the abovementioned areas every year. Figure 7 (c) shows the significant peak at annual cycle and semiannual cycle. It corresponds to the results of Lu et al. [16] .
Previous results indicate that the higher AOT F corresponds to the biomass burning around the SCS from March to April and from August to October [5, 6] , which are similar to the result of this study. Moreover, the AOT is also affected by El Niño and La Niña events. Figure 8 shows the average AOT C and AOT F over the SCS during the normal, El Niño, and La Niña periods. The average AOT C is smaller in El Niño period. On the contrary, the average AOT F is larger in the El Niño events. Because during El Niño periods, the trade winds reverse direction, blowing from west to east (Asia towards Peru), the source of coarse particle (AOT C) blown from the sea surface may be reduced, and the source of fine particle (AOT F) generated by the biomass burning from the Indochina Peninsula may be increased.
Conclusions
In this study, we use coarse mode AOD and fine mode AOD derived from Terra MODIS at 550 nm from December 2001 to December 2010 to discuss the variation of coarse aerosol (e.g., dust or ocean spray) and fine mode aerosol (e.g., biomass burning or anthropogenic pollution) over the SCS. The variation of AOT C is in high agreement with the measured coarse aerosol particles of Aeronet observatory. The high-value AOT C occurs in spring. According to the spatial distribution and the results of this study, China and the Indochina Peninsula are the probable source regions of coarse aerosol particles. Besides, the temporal amplitudes of AOT C modes show that the average amplitude during the La Niña period is larger.
The significant EOF modes of AOT F indicate that the high value occurs annually and semiannually. The spatial distribution of each mode and other studies also evidence that the biomass burning, respectively, occurs in the Indochina Peninsula during March and April but occurs from August to October in Sumatra and Borneo. Besides, the results also show that the average amplitude of AOT F is larger during the El Niño period. It can be concluded that the change of wind direction in the tropical area during the El Niño period may change the distribution of aerosols.
